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Introduction 22
Human body comprises of approximately 80% of water. Hence, in order to survive 23 one must drink at least 3 to 5 litres of water daily to maintain the required water 24 balance in the body [1] . In the events of emergency such as natural disasters (e.g., 25 flood, earthquake, hurricane, etc.) or man-made disasters (e.g., political unrest, wars, 26 etc.), one may not have access to clean and safe drinking water supply due to the 27 destruction and disruption of the necessary infrastructure and facilities [2] [3] [4] . 28 Therefore, the need for providing drinking water is often beyond the capability of 29 relief agencies or local governments to respond effectively. One of the potential 30 solutions in this case is to deploy bottled water to the affected population but this 31 approach may not work when transportations are cut off and the affected areas are 32 inaccessible. Researchers have been investing considerable efforts to determine 33 possible ways to filter contaminated water using as little energy and chemicals as 34 possible to minimize harmful effects to the affected population's health while waiting 35 for aid to arrive. The inevitable fear of disease outbreaks in disasters aftermath have 36 motivated scientists to come up with innovative ideas to ensure the survival of 37 population. Decentralized water treatment systems are recognized as one the 38 solutions used for emergency response [5] [6] [7] . Peter-Varbanets et al. [6] came up with 39 an emergency response method involving ultra-low pressure with dead-end 40 ultrafiltration (UF) without backflushing and cleaning. Another example is a portable 41 mouth-suction device developed by LifeStraw (Clasen et al. [8] and Frandsen [9] ), 42 which is an ultrafiltration (UF) membrane-based purification water technology. These 43 types of device are considered below in more detail. 44 Water contamination due to an emergency varies significantly from case to case. For 45 example, turbidity of up to 10,000 Nephelometric Turbidity Units (NTU) has been 46 observed in floodwater during the great tsunami of 2004 [10] . Such high level of 47 turbidity makes it hard to treat the contaminated water for drinking purpose in 48 emergency situation. Nevertheless, over the last decade membrane technology has 49 attracted significant interests from researchers for its reasonable quality of 50 production and cost efficiency for use in emergency situation. Membrane processes 51 are not only considered to be cost effective but also they are safe and feasible to 52 operate especially in the times of emergency [11] [12] [13] . Furthermore, membrane 53 filtration processes offer relatively simple operation conditions in comparison to 54 conventional methods such as slow sand filtration [14] , filtration/disinfection [15] and 55 flocculation/chlorination [16] . 56 In a portable water purification kit, such as point-of-use water treatment (PoUWT) 57 technology, several interdependent and coupled processes take place, such as, 58 various types of interactions between particles, water and membrane materials. It is 59 therefore important for designing of these systems to understand these processes as 60 well as quantify them for a specific case. Requirements of the PoUWT technologies 61 [17] which are used to treat contaminated water for individual or family's drinking and 62 cooking are as follows: (1) could be used to supply drinking water only to 63 accommodate a small number of people and, (2) appropriate for short term response 64 while waiting for aid to arrive and, (3) Indonesia tsunami, those virals were also detected among the affected population in 161
Banda Aceh [41] . Polluted water, soils and food which contain leptospires, i.e. 162 contaminated urine from infested animals (rodent-borne) can cause the spread of 163 leptospirosis [42] [43] . 164 165
Studies showed that the frequency of infectious diseases can dramatically increase 166 in weeks to months after flooding. This is illustrated in Figure 2 , which shows the 167 time period outbreaks of infectious diseases following flood disasters. Three 168 common and main disease outbreaks following floods disasters reported are water-169 borne, rodent-borne and vector-borne [16] . Table 4 shows available portable membrane-based water purification devices on the 250 market. Common membranes used are microfiltration (MF); followed with 251 ultrafiltration (UF), reverse osmosis (RO) and forward osmosis (FO). As stated in 252 than the oil-water interfacial tension will cause the oil spreading on the surface of the 295 membrane creating relatively a very small contact angle and hence stronger 296 adhesion to the membrane surface [62] . However, hydrophobic membranes still 297 exhibited poor affinity to water and hence water permeability was very low when 298 compared to hydrophilic membranes [63] . Researchers are trying to design 299 membrane materials in order to obtain high water permeability with low adhesion 300 capability, and also low interaction strength between the concerned fouling materials 301 for membrane surface water treatment and the membrane surface. A study by Zhu et 302 al. [64] proved that a membrane displaying both oleophobic and hydrophilic surface 303 properties has both greatly enhanced water flux and decreased the rate of organic 304 fouling. 305 306
Surface morphology 307
Membrane surface morphology is important for understanding of membrane fouling. 308
Surface morphology can be analysed using scanning atomic force microscopy (AFM) 309 and electron microscope (SEM). Wu and Wu [65] Generally, it observed that high porosity is associated with large pore size and less 360 oriented structure. Therefore, choosing membranes with high porosity will result in 361 increase in water permeability across the membrane. 362 363
Operational conditions of water purification device 364
There are a number of various operational conditions, which have significant effect 365 on the permeation rate: particle size, ionic strength, pH, cross-flow velocity, 366 concentration and transmembrane pressure. The variation of pH may affect the 367 permeability of the membrane [74] [75] [76] [77] [78] . Depending on the solution chemistry, a 368 morphological change membrane surface or contaminants can be enhanced. Feed 369 contaminants having isoelectric points that are close to the pH of the membrane 370 surface will result in an attraction force. This is because the electrostatic repulsion 371 force is at minimum. Membrane material can also be affected by pH. Acidic solutions 372 were claimed to have decreased the thickness of NF membranes [79] . 373 374
Chang et al. [80] studied the pH effect on the rheology of clay particles. They found 375 that the variation of pH could affect the behaviour of clay particles by influencing its 376 surface charge and hence promotes attraction forces between these particles. 377
Debye length is used to measure the electrical double layer thickness surrounding a 378 charged particle [81] : 379 380 high pH will result in a thick electrical double layer, whereas low pH and high ionic 390 strength cause thin electrical double layer and lower repulsion. 391 392
The influence of particle sizes on filtration rate and fouling was investigated by 393
Wakeman [82] . Wakeman [82] concluded that the smallest particles are the ones 394 causing the most influence at the initial stage of filtration process as these particles 395 could enter the pores, which results in pore blocking, and accumulate on the 396 membrane surface forming cake layers. Wakeman [82] also found that larger 397 particles tend to prevent severe pore blocking. Some examples of influence of 398 different particle sizes of fouling materials in membrane filtration processes are 399 shown in Figure 3 . 400 Zhong et al. [83] investigated the influence of cross-flow velocity on UF flux for 401 recovering titanium silicate catalyst from slurry. It was known that increasing the 402 cross-flow velocity is considered to be an effective method to prevent particles 403 deposition on the surface of the membrane, and, hence, to prevent fouling. However, 404 it is impossible to re-suspend the deposited particles from the membrane surface 405 due to strong attraction force which is higher than the lift forces at such high cross-406 flow velocities. The same phenomenon was also described by Ripperger and 407
Altmann [84] . Cheryan [85] claimed that particles which are bigger than the 408 membrane pores could be induced under shear force generated by cross-flow 409 velocity, this caused the membranes to become mobilized on the membrane surface 410 thus limiting the effect of fouling. This might not be the case for particles which are 411 smaller to that of membrane pores. These smaller ones could penetrate the pores 412 against the shear force thus promoting membrane fouling. Therefore, effective cross-413 flow velocities needs to be optimized in order to minimize the effect of such fouling. 414 415
The concentration of the fouling substances in feed solution has a significant 416 influence to the resulting permeate flux. Guiziou et al. [86] showed that increasing 417 the latex suspension up to 3 grams per litre gave linear decrease in the permeate 418 flux in MF membranes. Shamel and Chung [87] [97] claimed that the compaction effect arised from the deformation 450 of support layer of a cellulose acetate membrane. 451
Besides decline in flux, compaction can also cause an effect to solute rejection. 452 Compaction could result in the decrease in pore size or a deformation of the pore 453 geometry thus its tendency depends on the precise physical and also chemical 454 structure of the membrane. By reducing the pore size of the membranes, more 455 particles could be retained on the membrane surface thus increasing the percentage 456 of solute rejection although there is contrasting information reported [93, 98] . 457
Currently, the study of membrane compaction of UF in water treatment has not been 458 extensively published hence limited, although this information is valuable for 459 optimizating the process. 460
Particle deposition and interactions, and membrane fouling in UF and

461
MF membranes 462
It is important to note that most information in the literature does not specifically 463 mention: (1) properties [110] . 497
Meanwhile, the attachment of colloidal particles onto the membrane surface can be 498 described using the classical Derjaguin-Landau-Vervey-Overbeek (DLVO) theory. 499 The theory states that the sum of the repulsive and attraction forces will determine 500 the net colloid-surface interaction. The equation used to describe the theory is [45] : 501
Where is the resultant force; is the attraction force (van der Waals forces) 503 between particles of identical nature and is the repulsion force (electrostatic 504 repulsion/electrical double layer force) between similarly charged colloidal particles. 505
Van der Waals attractive interactions between two identical spherical particles are 506
given by the following expression [45] : 507
Where is the Hamaker constant (attraction parameter); is the radius of a sphere 509 and ℎ is the inter-particle distance. The Van der Waals attractive interaction between 510 two sheets (plate-like particles) of identical physical nature is given by the following 511 expression [45] : 512
The surface charging in water can be caused by two mechanisms [111] ; (1) (− ℎ) (6) 520 Where is the radius of particle of different sizes; is the Debye-Hückel-reciprocal 521 length; ℎ is the surface-surface separation between the colloidal particles; is the 522 reduced surface potential; and ∞ is the bulk density of ions. 523
To summarize, it is essential to have good understanding of the characteristics of 524 fouling substances in the feed solution such as its surface and hydrodynamic 525 interactions with other fouling substances and also with the membrane materials, 526 particle sizes, molecular structure of fouling substances and the presence of 527 chemical and physical bonds. These characteristics contribute the extent of 528 membrane fouling. 529
Membrane fouling mechanisms for particulate/colloidal fouling in UF 530
and MF membranes 531
Fouling of the membranes is no doubt an important limitation in membrane-based 532 water treatment. According to Rudolf and Balmat [113] , the classification of 533 particulate matter in wastewaters and natural waters can be divided into four main 534 categories: (1) settle-able solids with particle size range of more than 100 µm, (2) 535 supra-colloidal solids size range between 1 µm to 100 µm, (3) colloidal solids with 536 particle size range between 0.001 µm to 1 µm, and (4) dissolved solids of less than 537 10 Å. 538
Hermans and Bredeé [114] first proposed blocking filtration laws. It was further 539 developed by Gonsalves [115] . Grace [116] first discovered, in series of 540 experimental studies with a number of membranes, the presence of standard 541 blocking in each micro filter used. It was Hermia's [117] work that combined all four 542 blocking mechanisms for dead-end filtration based on the Darcy's law and since then 543 the models have been used extensively and modified thus becoming the basis of 544 modelling filtration processes. The mechanism for membrane blocking models is 545 illustrated in Figure 5 . 546
The type of membrane fouling greatly influenced by the particle sizes, which can be 547 either similar or smaller or larger than the pore size of the membrane. In the 548 complete pore blocking or pore sealing, where particles reach a membrane and are 549 of the same size as the pore size hence the pore is blocked without superposition of 550 other particles. This causes a reduction in active membrane area. Hence less 551 permeate flow through the membrane, and the surface area blocked by the particles 552 is said to be proportional to the permeate volume. 553
During partial pore blocking, particles of similar size with membrane pores deposit on 554 the surface of the membrane and consequently block the pores. Generally, it is 555 presumed that these particles are adsorbed chemically to the membrane surface, 556
and also include the fact that there are arriving particles to the membrane surface 557 which already blocked by the adsorbed particles. Meanwhile in pore constriction, due 558 to the size of the particles which are smaller than the membrane pore sizes, these 559 particles could penetrate the pore and hence this can cause irreversible fouling. 560
Because of this reason, the membrane pore volumes proportionally decreases with 561 the volume of permeate. And lastly, cake formation is a condition where particles 562 continue to deposit on initial layer of particles and as soon as the cake formed. The 563 particles maybe smaller or larger than the membrane pore size [118] [119] [120] . The cake 564 creates additional resistance to the permeate flow. 565
A mathematical expression can be used to describe flux decline at constant pressure 566 for dead-end filtration: 567
Where is the blocking index and is the resistance coefficent which depends on 569 the blocking models; is the filtration time and is total permeate volume collected. 570
For complete pore blocking = 2 ; for partial pore blocking = 1 ; for pore 571 constriction = 3/2 ; and for cake formation = 0 . Integration of the above 572 expression leads to Hermia models in Table 6 , where 0 is the initial flux. 573
Peter-Varbanets et al. [121] studied the mechanisms of membrane fouling in their 574 ultra-low pressure UF system. A summary of the mechanisms is shown in Table 7 . In 575 Table 7 , from their findings, the fouling layer was controlled by changes in the 576 structure and undissolved materials which deposit on the membrane surface. Both 577 deposition and irremovable fouling contribute to an increase in resistance over time. 578
Another cause of increase is due to the physico-chemical interactions which resulted 579 in the formation of channels in the fouling layer. They concluded that concentration 580 of biopolymers and low molecular weight (LMW) compounds, concentration of humic 581 acids (HA) and dissolved oxygen (DO) conditions in the feed water are important 582 parameters in controlling the fouling mechanisms. 583
Combined models have been used in order to further undestand the mechanism of 584 fouling, as these mechanims happen simultaneously in a filtration. Ho and Zydney 585 [122] proposed a combined pore blockage and cake filtration model for protein in MF 586 process. From their findings, there was a smooth change from pore blockage and 587 cake formation observed. Their models have been used extensively and modified 588 accordingly by researchers since then [123] [124] [125] . 589
A coupled three mechanisms model was developed by Duclos-Orsello et al. [126] 590 which accounted for three conventional fouling mechanisms namely; pore blockage, 591 pore constriction and cake filtration. Iritani et al. [127] and Lee [128] are among other 592 researchers that used more than one blocking mechanism to describe the fouling. 593
Concentration polarization 594
Concentration polarization is said to be the final phase of fouling. It is a phenomenon 595 where particles concentration in the area of the membrane surface is greater than in 596 the bulk solution, resulting in the back diffusion. Concentration polarization increases 597 the potential of fouling and deteriorate quality of permeate. The decrease in 598 permeation rate happens as osmotic pressure and hydraulic pressure increase. 599
Cake enhanced concentration polarization (CECP) or cake enhanced osmotic 600 pressure (CEOP) is a condition where back diffusion of the retained particles from 601 the membrane surface which is fouled, to the bulk solution is slowed down and 602 hence cake layer is formed [129] [130] [131] . In this condition, the particles need to diffuse 603 longer through tortuous channels within the cake layer. Hence increasing further the 604 osmotic pressure at the membrane surface will lead to the loss of transmembrane 605 pressure (TMP) effectiveness; which means TMP is no longer having an effect on 606 flux. 607
Filtration number, , represents the ratio of energy required to move the particles 608 from the surface of the membrane to the bulk, to the thermal energy of the particles. 609
It was first proposed for cross-flow filtration by Song and Elimelech [132] : 610 611
Where is the particle size, ∆ is the transmembrane pressure (TMP), is the 613
Boltzmann constant, and is absolute temperature. 614 615
If thermal energy of the particles is lower than the energy required for back transport, 616 then the particles will stay close to the surface of membrane and consequently a 617 cake layer will form, and vice versa. This situation can be illustrated in Figure 6 . 618 619 3.5.4 Gel-layer (cake) formation 620
Formation of gel layer according to Hwang and Hsueh [133] can be categorized into 621 three main phases: (1) pore blockage at the beginning of filtration process. The 622 overall filtration resistance increased due to deposition and reorganization of 623 colloidal particles on surface of the membrane, (2) formation of cake results in further 624 increase in filtration resistance and porosity of cake layer to decrease, this is due to 625 the compression and deformation activities of the deposited colloids, and finally (3) 626 compressed gel layer started to form next to membrane surface. The thickness 627 comprised between 10-20% of the whole cake layer, however this layer shows 90% 628 of the overall filtration resistance. Cake layer is also called 'stagnant layer' or 629 'immobile layer' due to deposition of particles, whereas concentration polarization is 630 also named 'flowing layer' because the particles are not stagnant and constantly 631 diffusing within the layer. 632
Limiting and critical fluxes 633
The presence of the limiting flux is obvious with the formation of gel/cake layer on 634 surface of the membrane [134] [135] . Increasing the applied pressure will increase the 635 pressure difference on the concentration polarization layer and consequently 636 permeate flux but no cake formation forms. This flux is called critical flux where there 637 is no cake layer formed on the surface of the membrane [136] [137] . However, the 638 presence of fouling substances in the feed solution will cause the particles to block 639 the pores of the membranes and at certain period of time, the formation of cake layer 640 can be observed. Cake formation continues to build up to equilibrium thickness. 641
When this condition reached, increasing the pressure will no longer have an effect 642 on the flux. The maximum permeate flux obtained at this condition is called limiting 643 flux. 644 645
For design purposes, the concept of these fluxes represent an important 646 characteristic of membrane operation especially in UF/MF systems [138] . Fouling of 647 a membrane can be shown through the presence of limiting flux and the onset of 648 critical flux [139] . Hence manipulating the operating pressure of the system could 649 maximize the overall performance of the membrane. A comprehensive review on this 650 subject matter can be found through Bacchin et al. [134] work. In their work, the 651 authors reviewed the differences between the two fluxes and clarified 652 misundestandings related to the concept and theories. 653
Conclusions 654
With increasing frequency and intensity of disasters, one of the main priorities after a 655 disaster is the supply of clean and safe drinking water. However, it is a very 656 challenging task as facilities and infrastructure may not be available due to many 657 factors. Moreover, outbreak of waterborne diseases is one of major concerns 658 because such diseases are infectious and cause deaths. It is essential to own 659 decentralized portable water purification system for short term response for the 660 survival of the affected population. Membrane-based system is considered to be one 661 of the most effective methods to treat contaminated water with high productivity due 662 to several reasons mentioned earlier. Tables  679   Table 1 [151] ; [118] [152]; [153] ; [154] ; [155] [156]; [157] [158]; [159] ; [160] 
